Much knowledge has been accrued from high resolution protein structures. This knowledge provides rules and guidelines for the rational design of soluble proteins. We have extracted these rules and applied them to redesigning the structure of bacteriorhodopsin and to creating blueprints for a monomeric, soluble seven-helix bundle protein. Such a protein is likely to have desirable properties, such as ready crystallization, which membrane proteins lack and an internal structure similar to that of the native protein. While preserving residues shown to be necessary for protein function, we made modifications to the rest of the sequence, distributing polar and charged residues over the surface of the protein to achieve an amino acid composition as akin to that of soluble helical proteins as possible. A secondary goal was to increase apolar contacts in the helix intercalation regions of the protein. The scheme used to design the model sequences requires knowledge of the number and orientation of helices and some information about interior contacts, but detailed structural knowledge is not required to use a scheme of this type.
Introduction
Membrane proteins are, with few exceptions, not accessible to crystallization using current techniques. The standard approach to crystallization of membrane proteins has been to search for the right crystallization conditions for the protein in conjunction with a detergent. Recently, the design, synthesis and crystallization of an amphipathic peptide detergent which solubilizes membrane proteins has been reported (Schafmeister et al., 1993) . The helical peptides are assumed to pack in an antiparallel arrangement similar to the packing of the native helices in the protein; the hydrophobic face of the helix packs against the hydrophobic outer surface of the protein, while the hydrophilic face of the helix presents an artificial soluble protein-like surface to the solvent. We take this approach one step further to create an artificial soluble protein-like surface that is native to the protein itself. The seven-helix membrane protein bacteriorhodopsin (bR), one of the few membrane proteins for which 3-D structural information is available, is used as a template for the design of several models of putatively soluble variants of bR. These structures are subjected to various tests of structural quality. The modeled structures retain the intraprotein features and topology of native bR, but display good soluble protein profiles.
The approach reported here requires some knowledge of the structure of the membrane protein. Enough experimental data on helix orientation and interhelical contacts must exist to suggest that certain residues are located on the protein surface and others in the protein interior, so that residues can be modified based on their location. bR is a reasonable target for a test of the procedure for various reasons. It is a small protein of 248 residues; the first 234 of these are used as a template for the soluble bR models, the remaining C-terminal residues being assumed to have no well-defined structure. bR is a well-characterized membrane protein. Found in the purple membrane of Halobacterium salinarium, bR converts light energy to chemical energy by pumping protons from the cytoplasm to the exterior across the purple membrane. A retinal Schiff base covalently bound to the protein absorbs light at 570 nm wavelength, which causes its isomerization from an all-trans to a 13-cis conformation. Proton translocation and reisomerization of the retinal co-factor occur during the subsequent relaxation of the protein through several well-characterized and spectroscopically distinct intermediates (Khorana, 1993; Krebs and Khorana, 1993; Lanyi, 1995) . The functionality of the protein can be easily assayed by monitoring absorbance changes in the visible region of the spectrum after photoexcitation. The entire photocycle has been well characterized by spectroscopic and biochemical methods. bR is readily expressed in Escherichia coli making the production of significant amounts of mutant bR a routine matter (Pompejus et al., 1993) . More recently, it has also been expressed in the native organism, H.salinarium (Ferrando et al., 1993) . Most importantly, the structure of bR from electron microscopy is available, both to provide the initial structural data required to select sites for rational mutagenesis and for comparison with the structures of mutants that may be generated and successfully crystallized.
While the conversion of a membrane protein into a soluble protein may seem a daunting task, knowledge-based rational protein design has yielded several recent successes. Hecht et al. (1990) designed and expressed a novel four-helix bundle protein called FELIX. This protein was not crystallized, but has been characterized by spectroscopic methods to be largely α-helical. Regan and Clarke (1990) successfully introduced a designed tetrahedral zinc binding site into a designed helical protein. Quinn et al. (1994) designed and synthesized a protein of the β-sandwich type called BETADOUBLET, following the simple rule that hydrophobic and hydrophilic residues alternate in sequence in β-sheet proteins and Munson et al. (1994) recently explored the possibilities of repacking the core of a designed soluble helix bundle protein and the effect that various arrangements of intercalating residues have on protein stability. Lovejoy et al. (1993) and Betz et al. (1995) reported the design and synthesis of three-helix coiled-coil proteins. More recently, Choma et al. (1994) reported the design and synthesis of a pair of synthetic peptides which self-assemble into a heme-binding four-helix bundle; this approach was later generalized to a series of molecular maquettes, simplified Table I . Pairwise occurrence preference scores for amino acid residues, at several N-cap and C-cap positions soluble versions of the heme-binding helices of membrane electron transport proteins . Bianchi et al. (1994) designed solubility into a small insoluble designed protein, the minibody. Recently, the design, synthesis and crystallization of an amphipathic peptide detergent which solubilizes membrane proteins have been reported (Schafmeister et al., 1993) .
Rationale for the design of a soluble bR molecule
We took the following approach to redesigning bR as a soluble protein rationally. The designed bR molecule should ideally have the following characteristics: it should be soluble, it should have an integral 3-D structure, it should have the same topology as native bR and it should retain the functionality of native bR, binding the retinal chromophore, displaying the Table I . continued spectral characteristics of the native protein and participating in a photocycle.
An obvious means of estimating the solubility of a protein is to calculate the fraction of its surface area due to polar atoms. Membrane proteins have fractional polar surface areas of around 0.3, while soluble proteins have fractional polar surface areas closer to 0.5 or 0.6 depending on their shape (C.Gibas and S.Subramaniam, unpublished observations). Since bR is similar in shape to antiparallel all-α-helix bundle 1177 proteins, we chose a target fractional polar surface area of 0.6, approximately the value found in that class of proteins. We then chose non-essential residues on the protein surface for replacement with more polar amino acids.
In addition to increasing the polar surface area, we were guided by several other considerations. bR has several functionally important charged residues in its interior. These we have considered irreplaceable. Preservation of the functionality of the native protein is necessary both as proof of successful Table I . continued engineering and as a measure of the activity of the designed analogs. Placing charges on the outer surface of the protein as well, may result in a protein that will not fold because it has insufficient incentive to pack in any particular topology. To ensure stronger packing between helices, we have attempted to increase contacts between pairs of helices, without filling in existing cavities in the protein interior, which may be important for protein function. We have attempted to increase 1178 the number of polar residues without introducing a charge imbalance or concentrations of charge on the surface of the protein. Membrane proteins are notable for certain unusual patterns of residue occurrence, for instance Trp is often found at helix ends positioned close to the interface between the membrane and the aqueous phase Schiffer et al., 1992) , while Gly occurs more frequently in bR than in soluble helical proteins. We have edited out Trp residues and replaced Gly with Ala or Ser where possible, to create an amino acid composition profile resembling that of soluble proteins.
Principles of negative design have also been used. Amphipathic α-helices tend to have a pattern in which polar residues are found at every nth, n ϩ 3rd, n ϩ 7th position reflecting the periodicity of the helix. On the other hand, amphipathic β-sheets have an alternating polar/non-polar residue pattern. We have attempted not to produce novel sequences within the bR sequence which have β-sheet-like alternating polar/nonpolar sequence patterns. It has been shown that certain sequences of residues occur preferentially at the ends of α-helices (Richardson and Richardson, 1988; Harper and Rose, 1993; Seale et al., 1994) . This is also apparent in the pairwise preference tables in Table I . We have attempted to preserve and reinforce good capping sequences at the N-and C-termini of helices and not to create extraneous helix caps.
Rules for the retention or replacement of residues
Residues were classified as either essential or non-essential by applying a set of rules based on an examination of the bR structure, on results of functional assays of bR mutants available in the literature and on its similarities to other evolutionarily related proteins. Residues which were required to be retained in the designed sequences were as follows.
(i) Residues which have been determined by experiment to be required for bR folding or function (see Figure 1 ).
(ii) Residues which were highly conserved throughout a set of 15 homologous sequences of archaebacterial rhodopsins (see Figure 2) . Having restricted the number of possible new sequences by allowing changes only at target sites selected using these criteria, new sequences for bR can be generated.
Methods

Automated homology modeling
The program MODELLER (Sali and Blundell, 1993) was used to produce the 234-residue model of bR which included interhelical loops, as well as to generate models from the six designed sequences. MODELLER is an automated homology modeling program based on probability density functions (PDFs) of protein stereochemical parameters. PDFs for features such as the main and side chain torsion angles and interatomic distances, generated from a database of soluble proteins, are used as constraints which must be satisfied in the building of a model. In addition, specific constraints are taken from a template structure to which the unknown sequence is aligned before building the model. This allows inclusion of such constraints as hydrogen bonds and particular contacts. A global function based on all of these constraints is optimized to create a model structure that retains the major features of the template structure as well as any features known by the user. As we were attempting to build structures which were not of a hypothetical membrane protein, but for the sequence of bR in a soluble seven-helix bundle form, it was thought that use of an optimization method based on soluble protein data was appropriate.
In the loop-building phase, the structure of bR (1BRD) (Henderson et al., 1990) , which contains no coordinates for the loops connecting the transmembrane helices, was used as the template to generate an initial set of structures. As the sequence to be modeled and the template sequence were identical, no sequence alignment algorithms were required in the set-up of the MODELLER runs. The complete sequence of bR, excluding residues 235-248, was aligned to the sequence of the Henderson structure. Since the template contained exact coordinates for the transmembrane helices, only the solventaccessible interhelical loops were constructed de novo. These loops were assumed to be similar to interhelical loops in soluble proteins and therefore modeled by MODELLER, which uses PDFs based on soluble protein structures. Three model structures were generated, with r.m.s. before optimization set to 4.0 and then fully optimized-the target function optimized until convergence was reached, rather than stopping optimization after a specified number of steps. The structure with the most compact loops (determined by visual evaluation) was used as the template for a second iteration of model building and the best model generated therein for a third. At each step, the structures produced were evaluated using PROCHECK (Laskowski et al., 1993) , as well as the environmental profiles and distance-based PDF profiles (D.Tcheng and S.Subramaniam, unpublished results), to assess the quality of the models generated at each step. Three of the structures obtained in this phase-those with the best stereochemistry and soluble protein profiles-were later used as templates to generate the soluble bR models, following the same procedures as above. Solvent accessibility and molecular surfaces Per residue solvent accessibility was calculated for the initial 234-residue model of bR using the program Vadar 0.9 (Wishart et al., 1994) , which uses a standard solvent-accessible surface definition. For the purpose of locating and comparing internal spaces in the designed protein models, the molecular surface was recalculated using the α-shape software developed by Edelsbrunner et al. (1995) . α-Shape theory provides a method for analytically computing molecular surface areas of proteins, including exact computation of the areas and volumes of voids. In this method, a simplicial complex called an α-complex is derived from the Delaunay triangulation of the set of points that make up a protein. The Delaunay triangulation is based upon the Voronoi decomposition of the space filled by the protein molecule, in which the space is divided into cells containing one atom each, with each atom 'owning' all the space that is closer to that atom than to any other atom. Atoms in the Voronoi diagram correspond to vertices in the Delaunay triangulation, two cells that share a face to a line connecting the vertices, three cells having a common intersection to a triangle connecting the three vertices, etc. The simplicial complex is a complicated object built up from the points, lines, triangles and tetrahedra of the Delaunay triangulation and it is combinatorially equivalent to the actual molecule when the radii assigned to each atom center in the Voronoi decomposition are equal to the actual van der Waals radii. Once the α-complex is constructed, algorithms for inclusion and exclusion can be used to determine any metric property of the protein structure (J.Liang, H.Edelsbrunner, P.Fu and S.Subramaniam, in preparation). Solvation of the structure to place water molecules in voids was performed using CHARMm (Brooks et al., 1982) to solvate each residue to a depth of 8 Å. Extraneous water molecules were removed based on solvent accessibility until only solvent-inaccessible water molecules remained. Secondary struture assignment Secondary structure assignments for the initial 234-residue model of bR were made using DSSP (Kabsch and Sander, 1983) . DSSP searches for hydrogen bonding and geometric patterns characteristic of particular types of secondary structure. Database searching and sequence alignment A search of the National Center for Biotechnology Information Entrez database located the sequences of 15 archaebacterial rhodopsin-like proteins. These sequences were aligned to that of bR using the GCG suite of programs (Program Manual for the Wisconsin Package, Version 8, September 1994, Genetics Computer Group, 575 Science Drive, Madison, WI 53711). Local sequence alignments of bR helix sequences were found using BLAST (Altschul et al., 1990) .
Calculation of amino acid pairwise preference tables
Pairwise preferences of occurrence for the 20 common amino acids in positions near the N-cap and C-cap of the α-helix were calculated using a locally developed statistical analysis program. This program relies on DSSP to define termini of all helices in a given set of protein structures. It then abstracts the sequences of the helices from the PDB files and calculates absolute frequencies of occurrence for each amino acid at several positions relative to the N-and C-caps of helices, as well as frequencies of occurrence of individual residues at each position in the helix, given a particular residue at the preceding or following position, as shown in Table I .
Stereochemical analysis and PDF profiles
The stereochemical correctness of the designed protein models was evaluated using the program PROCHECK (Laskowski et al., 1993) . This program evaluates protein structures based on the goodness of their fit to known distributions of values for certain parameters such as bond lengths and angles, backbone and side chain torsions, distortion of planar groups, etc. The models were also evaluated using locally developed profiles based on probability distribution functions (PDFs) for interatomic distances within residues and between pairs of interacting residues involved in longer-range interactions.
The conditional pairwise distance PDFs take the form of probability (X|R i ,A k ,R j ,A l ,S n ), where X is the distance, R i and R j represent residue indices, A k and A l atom indices and S n represents the sequential distance between the residues R i and R j . The total probability of pairwise distance contacts in a protein is given by combining the conditional probabilities
where the indices run over all atoms, residues and the specified sequential distances. The sequential distance is used so as to preserve the sequentially contiguous interactions that give rise to secondary structure in proteins. The case where n ϭ 0 represents the intraresidue PDFs which are a measure of the configurational and conformational geometry of the amino acid considered. We observe that for PDFs of atom pairs separated by more than three residues there are no specific secondary structure interactions and we consider these as tertiary PDFs. A unique PDF is formed for each unique combination of R i , R j , A k , A l and S n .
Environmental profiles
The designed protein models were evaluated using the environmental profiles developed by Eisenberg et al. (1992) . This method determines the compatibility of a protein model with its own sequence. Each residue position is characterized by its environment, which is comprised of the secondary structure in which the residue is found and the degree of polarity of the surrounding atoms and the degree of solvent exposure of the position. Statistical preferences for the 20 amino acids for each of 18 discrete types of site have been determined. The profile score for an entire protein is the sum over all residue positions, of the statistical preference of each residue for its environment, while linear profiles for each residue position can be assessed by plotting the average score in a window of 19 residues against the sequence number.
Electrostatic potentials
The University of Houston Brownian Dynamics (UHBD) (Davis et al., 1991) program (version 4.1) was used to calculate the electrostatic potentials for native bR as well as for the designed protein models. As the N-and C-termini in both the models and the native protein are spurious, these termini were modeled as neutral groups in the calculation. The atomic charges on the scale of those in the CHARMm (Brooks et al., 1982) parameter set were used with radii from the OPLS (Optimized Parameters for Liquid Systems, Jorgensen and Tirado-Rives, 1988 ) parameter set, this combination having 1181 been previously determined to give the most accurate results in our hands in other applications of UHBD. A solvent dielectric of 80 was used with a protein dielectric of 4 and an ionic strength of 100 mM. Electrostatic potentials were interpolated from the grid onto the atomic coordinates and the resulting potential values used as a scaling parameter for the coloring of each atom.
Results and discussion
Construction of a bR model with helix-connecting loops
In earlier attempts at characterization of each amino acid in the bR molecule as essential or non-essential, the absence of the interhelical loops in the Henderson structure (Henderson et al., 1990) led to falsely high per residue solvent accessibilities for residues at the ends of helices and misdetermination of residue environments for sites at the ends of the protein that would normally be buried by loops. In the absence of any knowledge of the conformation of the loops, our goal was simply to generate a set of compact, stereochemically correct loops which would terminate the helices in a somewhat realistic way and bury appropriate parts of the protein, without creating bad interactions between residues. This was done using automated homology modeling (Sali and Blundell, 1993 ). The resulting model is shown superimposed on the original structure of bR in Figure 3 . The r.m.s.d. for the main chain atoms of the two structures is 0.26; this mainly reflects changes in the position of main chain atoms at the ends of helices, which occur during the optimization and accommodate the loops. The r.m.s.d. for all equivalent atoms is 1.04. This reflects larger changes in the position of the atoms in the side chains. It is important to note that in all of the designed sequences, these loop regions have been left uncharged and the exact structure of loop models created here is not important to the success of the design procedure. It is assumed that, because these loops are already solvent exposed in the native bR molecule and because they already have the correct stereochemistry to connect the helices in their proper native protein topology, leaving them unchanged will result in correct connections in the designed proteins as well.
Selection of target sites and residue substitutions
Using the structure of bR with constructed loops, shown superimposed with the Henderson bR structure in Figure 3 , each amino acid in the protein was examined as a potential target for mutation, both in its physical context in the known bR structure and in functional and evolutionary contexts as well. The set of criteria for retention described above were applied to determine whether each amino acid would be retained in its original position or modified in accordance with the design goal.
The sequence, with each residue coded by the criterion that caused it to be retained, is shown in Figure 4 . Applying the rules for residue retention to the 234 residues of the bR sequence which were included in the model, we find 68 residues that do not fit any of the criteria for retention; the residues that have been changed in the model sequences are chosen from among these, though in no case are all 68 residues modified. Residues were replaced in one of three ways: by residues taken from the closely homologous sequences of other archaebacterial rhodopsins (Figure 2) , by replacements found using a local alignment search (Table II) or by isochoric polar residues where increased polarity was desired and no other replacements could be found.
The 68 residues designated non-essential after applying the retention criteria were not all of the same type. There were four common types.
(i) Non-polar residues with side chains on the protein surface.
(ii) Trp residues at or near the ends of helices. (iii) Unconserved Gly residues. (iv) Residues in the interfaces between pairs of helices which have few or no close contacts with other side chains.
The bR sequence is shown in a helical-wheel representation with changeable residues coded by these types in Figure 5 . Substitutions were selected in one of three ways. Examination of a sequence alignment of bR with 15 other archaebacterial continued rhodopsins yielded a substantial number of potential polar substitutions for non-polar residues, even though all of the proteins included in the alignment are membrane proteins (Figure 2) . However, no replacements were suggested by this method for nearly half of the changeable sites. A local alignment search of the sequences of each of the seven transmembrane helices of bR against a database of proteins having mostly α-helical structure, suggested replacements for only 10 of the changeable amino acids in the bR sequence (Table II) ; the remaining residues were replaced by searching for plausible substitutions in tables of pairwise preference of amino acid occurrence for positions at the Nand C-termini of helices. These tables were locally generated using a database of 245 non-homologous soluble proteins; the probabilities for six N-cap residues and six C-cap residues are shown in Table I (C.Gibas and S.Subramaniam, unpublished results).
Six sequences were designed using the above criteria. The actual sequences are shown in Figure 6 . The first of the six, designated as brc1, was the most conservatively modified of the designed sequences. In this model, only non-polar to polar mutations suggested by the sequences of homologous proteins were used, resulting in 24 substitutions. The sequences designated brc2, brc3 and brc4 used various combinations of Fig. 2 . Sequence alignment of the bR sequence with sequences of 15 archaebacterial rhodopsins. Highly conserved residues are shaded in grey and nonessential residues in the bR sequence and the corresponding residues in other structures are within black borders. 1183 substitutions taken from homologous sequences, substitutions suggested by local alignment search results and substitutions based on pairwise preference data. In particular, if a substitution was suggested by all three of these sources, native bR residues have been submitted with the same type of residue in all three sequences. brc5 is the most radically modified of the designed sequences, with 49 residue substitutions. In this model, particular attention has been given to designing correct sequences at the helix ends, even at the expense of modifying a few of the residues previously designated as unmodifiable, provided they were not functionally important. The final sequence, brc6, is Fig. 3. A model of the full native bR sequence including interhelical loops, generated by MODELER (white), superimposed on the bR structure 1BRD (black) taken from the Protein Data Bank. The figure was generated using Molscript (Kraulis, 1991) . a hybrid of the highest-scoring regions of the other designed sequences. Automated homology modeling was used to generate structures from the designed sequences (Sali and Blundell, 1993) . A separate MODELLER run was used to create each designed sequence bR structure; each run produced three structures with a pre-optimization r.m.s. of 4.0 and each structure was fully optimized. Each set of structures was analyzed using PDF-based, stereochemical and environmental profiles and the best of the three was fully analyzed, giving the results described below. The r.m.s.d. for the main chain atoms of each structure and the original bR structure ranged from 0.23 to 0.31, while the r.m.s.d. for all equivalent atoms ranged from 0.88 to 0.95.
Amino acid composition and protein polarity
The amino acid compositions of each of the models, as well as the native bR sequence, were calculated and are shown in Table III . For comparison, the residue composition of a group of 37 soluble helical bundle proteins and domains is included. It was not possible to modify bR to a residue composition comparable to this average for several reasons. First, as a rule, we attempted not to introduce locally high concentrations of charge on the protein surface. To implement this rule, an excess of substitutions with polar but uncharged residues such as Gln and Ser was made. There are no Cys and His residues in the native bR sequence. Using Cys residues as substitutions would have introduced the possibility of formation of novel and possibly counterproductive disulfide bonds, whereas using His residues, which are quite reactive and titrate near physiological pH, it is possible that a novel reactivity might be introduced. Therefore, we made no substitutions with these residues, which again skews the amino acid composition of the models from the average. In addition, native bR has many Pro, Tyr, Gly and Trp residues which are highly conserved and these were not changed. Proline residues in loop regions were considered to be essential for correct topology, while modification of the three membrane-embedded proline residues has been shown to decrease proton pumping efficiency and slow chromophore regeneration to various degrees (Mogi et al., 1989a) . Similarly, various buried Tyr and Trp residues have been shown to make up the retinal binding pocket and these residues were left unmodified (Mogi et al., 1989b; Sonar et al., 1994) . The percentages of these residues in the soluble bR models are somewhat higher than average as a result.
The percent polar surface areas for each of the models and compared to native bR and the group of 37 soluble helix bundle proteins are listed in Table IV . Values are given for both the whole protein and the helical regions of the protein only. As the primary goal of the modifications to the native sequence was to increase polar surface area, it is not surprising that we have succeeded; each of the models is substantially more polar than the native bR sequence, though brc1 may be too conservatively modified. The remaining sequences are within the normal range for helix bundle proteins; brc2 is at the low end of the range while brc3 and brc4 are actually slightly more polar than average. In all cases, the polar surface area of the helical regions increases as a fraction of wholeprotein surface polarity. Stereochemistry The results from the program PROCHECK (Laskowski et al., 1993) , which determines the stereochemical quality of a protein structure, are shown in Table V . The models were compared, in each case, with proteins of 1.5 Å resolution and in every respect they were found to be stereochemically as good as or better than such proteins. This is due in part to the fact that the protein structures were generated by optimizing a function based on just the kind of statistics against which PROCHECK compares a protein-backbone and side chain torsion angles, bond lengths and residue chirality. The φ, ψ plots for brc5 and brc6 are shown in Figure 7 (A) and (B). These plots are representative of the quality of all of the model structures on which the profiles and structural analysis were done. Residues with disallowed backbone torsions are located in the loop regions in all cases.
PDF profile scores
The modeled structures were profiled against another set of statistics, the interatomic distance PDFs developed by D.Tcheng and S.Subramaniam (unpublished results). The PDF data set includes information on the distribution of distances 1185 between each pair of atoms in any pair of residues. Summary profiles at the atomic and residue level were generated. Atombased profiles for all of the designed sequence models are shown overlaid with the profile of the native bR model in Figure  8 (A) and residue-based profiles are shown in Figure 8 (B). With a few exceptions, the per residue and per atom log probabilities for the models are above zero. Both profiles show lower probabilities in the loop regions; in the atom profiles these low probabilities are localized to several improbable contacts. When these probabilities are mapped to the protein structure ( Figure 8C ) it becomes apparent that the structural problems that do exist are generally found in the constructed loop regions. As the design goal did not include modification of the loop regions, these regions were constructed with no constraints except their sequence relationship to residues in the known regions of the native bR structure and it was expected that they would be somewhat structurally incorrect. Figure 8 (C) compares the probability profile of a representative of the set of designed models with that of a soluble protein determined by X-ray crystallography. On the left, a ribbon diagram of the brc6 model is shown shaded from blue to red with blue being low probability and red being high probability. On the right, a ribbon diagram of the A chain of 1RIB (Nordlund and Eklund, 1993) is shown. This is a helical bundle protein slightly larger than the hypothetical soluble bR. The color spectrum in both figures is on the same scale, allowing a direct comparison of the probabilities in each molecule. The Fig. 7 . The φ, ψ plots generated by PROCHECK (Laskowski et al., 1993) show the stereochemical quality of the models. The plot for the model of the sequence (brc5) which results in the best structure by most measurements is shown in A; the plot for model brc6 is shown in B. native soluble protein 1RIB has a pattern of probabilities similar to that found in the model bR structures, i.e. lower probabilities in loop regions and higher probabilities in helix regions.
Environmental profile scores
The environmental profile Luthy et al., 1992) is a measure of the compatibility of the sequence of a model protein with its environment. Each residue is scored using a table of probabilities of finding that residue in one of 18 environment classes; the sum of all of these scores is useful in comparing proteins of identical length, while a profile composed of summary scores for residues in a 19-residue length window surrounding each residue is the basis for a comparison of structures of different lengths. Environmental 1186 profiles were calculated for each of the modeled structures; these are shown overlaid with the profile of native bR and selected soluble proteins in Figure 9 . Summary scores for each of the proteins and the native sequence bR model (each 234 residues in length) are compared in Table VI . By the measurement of summary scores, each of the models is an improvement over the native protein model. This model may itself be an improvement over the 1BRD structure found in the Protein Data Bank, since it was optimized as a soluble protein using MODELLER, but the length difference between 1BRD and the six modeled soluble proteins makes a direct comparison impossible. The native bR model can be superimposed on the 1BRD structure with a backbone r.m.s.d. of 0.001, making it a sufficient surrogate for 1BRD in such comparisons. Examination of the profiles shows that each of the structures has most of its structural problems by this measurement in two regions; these regions are centered on two of the longest interhelical loops.
Conservation of internal cavities
The existence of internal cavities in bR is thought to be important; these cavities are water filled and may provide a pathway through which protons are pumped from the cytosol to the exterior. Preservation of these internal voids was considered to be a goal of the design. Seven major internal spaces, large enough and shaped appropriately such that at least one water molecule could be placed in the cavity, were located in the Henderson et al. (1990) structure of bR. Loops are not included in this structure, leaving the ends of the protein more open than they may actually be; however, since the correctness of the loop structures in the designed sequence protein is limited, cavities arising from the inclusion of the loop structures were not considered in the analysis. Table VII gives the molecular surface volumes in Å 3 of each of the seven largest cavities; the cavities are given in the order of their decreasing size in the native bR structure. The 1187 total cavity volume of each model is also given. As one goal of the structure design was to improve interhelical packing, it was expected that the total void volume in the designed bR structures would be less than that of the original structure and this is the case; the greatest reductions in cavity volume, however, occur in the more conservatively modified structures, whereas in the highly modified brc5 structure, the total void volume is closer to that of the original structure.
Volumes of individual cavities tend to decrease with increasing modification of the bR sequence. Only the cavity designated (45, 46, 48-50, 92, 93, 96, 97, 100, 170, 174, 219, 220, 222) Voids are given in decreasing order of their size in the native structure, with residues contributing to the surface of the void indicated in parentheses. 'D' in Table VII is drastically reduced or eliminated in some of the structures; the rest of the cavities generally remain large enough for a water molecule to be placed within them. Figure 10 shows the location of water molecules placed in the voids in the Henderson bR structure and in three of the designed sequence model structures: brc4, brc5 and brc6. While in the brc4 and brc5 structures the positions of water molecules and hence the sizes and shapes of the cavities nearest the retinal are preserved rather well, in the brc6 structure, which scores well in other structural comparisons, these cavities have been lost. We note that the cavity adjacent to Asp96, designated A in Table VII , which accumulates water molecules in the putative proton pathway, and the cavity designated E in Table VII , which is adjacent to the active site (Fischer et al., 1994; Kandori et al., 1995; Yamazaki et al., 1995a) are conserved in the models of sequences brc4 and brc5 and to some extent in the other models. Additional water molecules near the ends of the helices in brc4 and brc5 indicate the location of cavities which arise due to the addition of the helix-connecting loops.
Conservation of the interior electrostatic environment
The electrostatic potential of the interior of the bR models, particularly at and around the retinal co-factor, may be an indicator of their reactivity. It is expected that large changes in the interior electrostatic potential might result in a reduction of the ability of the bR molecule to pump protons, either by increasing barriers for proton pumping with respect to those found in native bR or by affecting the ability of the retinal molecule to isomerize. Table VIII gives electrostatic potentials interpolated to particular atoms in residues adjacent to the retinal chromophore and in the retinal molecule itself. The atoms chosen are the terminal atoms of charged side chains in that region; each of the residues has been found to be necessary for proper bR functionality. It can be seen that all of the models preserve, if Fig. 10 . Structural cartoons generated using Molscript (Kraulis, 1991) of 1brd, brc4, brc5 and brc6, showing the putative location of water molecules. Water molecules are shown as spheres. Water molecules were placed by solvating each residue to a depth of 8 Å in CHARMm and the nearest neighbor atoms of each water molecule screened to determine if they contribute to one of the voids in the protein as determined using the α-shape software. not the exact values, then the sign and order of magnitude of the values quite well. The global features of the electrostatic potential, a neutral to slightly positive potential on the protein exterior and a more negative potential in the protein interior, are retained, though as is to be expected in models to which charges have been added, the range of potentials calculated for the model structures is found to be larger than that in the native bR structure. This can be seen in Figure 11 (A)-(C), in which the retinal co-factor and its surroundings are shown in detail, for the native structure and for models brc5 and brc6. Local features of the electrostatic potential are conserved in brc5, but not as well in brc6. Figure 11 (A)-(C) is colored according to the electrostatic potentials interpolated at the atomic coordinates of the molecule and contrasted with similar views of some of the model structures.
In summary, we have attempted to show how rules extracted from high resolution protein structures could be used in conjunction with topological models to create blueprints for soluble proteins. The rational design involves using residuebased profiles specific to the protein topology, sequence distribution and requirements for soluble protein structure, knowledge of the protein structure-function relationship and physicochemical features of amino acids. Even though the solubilized protein is not expected to function in a photocycle, it is expected to bind retinal since all the binding motifs are conserved in the design. Hence, spectroscopic investigations of the protein will provide a validation for the structural integrity of the designed protein. We anticipate that this approach will provide a strong motivation for laboratory design and expression of the soluble counterpart of bR, which in turn will serve as a validation of the guidelines accumulated from structural principles.
